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The possible existence of a complex-forming pathway for the H+O2 reaction has been investigated
by means of both quantum mechanical and statistical techniques. Reaction probabilities, integral
cross sections, and differential cross sections have been obtained with a statistical quantum method
and the mean potential phase space theory. The statistical predictions are compared to exact results
calculated by means of time dependent wave packet methods and a previously reported time
independent exact quantum mechanical approach using the double many-body expansion DMBE
IV potential energy surface PES Pastrana et al., J. Phys. Chem. 94, 8073 1990 and the recently
developed surface denoted XXZLG by Xu et al. J. Chem. Phys. 122, 244305 2005. The
statistical approaches are found to reproduce only some of the exact total reaction probabilities for
low total angular momenta obtained with the DMBE IV PES and some of the cross sections
calculated at energy values close to the reaction threshold for the XXZLG surface. Serious
discrepancies with the exact integral cross sections at higher energy put into question the possible
statistical nature of the title reaction. However, at a collision energy of 1.6 eV, statistical rotationally
resolved cross sections managed to reproduce the experimental cross sections for the H+O2v
=0, j=1→OHv=1, j+O process reasonably well. © 2008 American Institute of Physics.
DOI: 10.1063/1.2944246
I. INTRODUCTION
In the last few years a number of studies have been
published on the subject of the H+O2 reaction. A strong
incentive for this renewed interest in the dynamics of this
process may be the recent development of a new potential
energy surface PES denoted XXZLG.1,2 Since its publica-
tion a couple of years ago, this PES has been employed to
calculate bound states, reaction probabilities, integral cross
sections ICSs, differential cross sections DCSs, and rate
constants for both the title reaction1,3–7 and the correspond-
ing reverse reactive collision O+OH. 2,8 The study of several
dynamical features has revealed some striking differences
between this new XXZLG surface and the extensively used
DMBE IV PES.9 Thus, for instance, a better agreement with
experimental band origins is obtained with the vibrational
frequencies calculated on the XXZLG PES in comparison
with previous results on the DMBE IV surface. In addition,
reaction probabilities calculated on both PESs exhibit notice-
able distinct profiles and a shift of about 0.1 eV between the
corresponding thresholds to reaction.3,7 Estimations of the
rate constant for the O+OH reaction on the XXZLG and
DMBE IV surfaces on the contrary were found to be very
similar.2
One of the most discussed issues regarding the H+O2
process is the possibility of a complex-forming mechanism
as the main reaction pathway and the subsequent description
of the collision dynamics by means of statistical
methods.10,11 The topology of the PES, with a deep potential
well of about 2.378 eV and the absence of any barrier in the
entrance channel, invites to conceive the idea of a strongly
bound HO2 radical as an intermediate between reactants and
products. Thus, it should not be surprising to find a long list
of kinetical studies in which thermal constants for the title
reaction and its reverse have been calculated by means of
statistical rate theories see, for example, Refs. 12–17. In
fact, it has been suggested that the dynamical scenario for the
process consists of a long-lived complex governing the reac-
tion at low energy in coexistence with a direct reaction
mechanism at high energy.18–21 In particular, a recent time
dependent wave packet TDWP calculation on the DMBE
IV PES Ref. 22 concluded that the existence of many nar-
row resonances specially visible for low values of the total
angular momentum, J below 1.15 eV collision energy Ec
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could be interpreted as an indication of the formation of an
intermediate complex at that energy regime. The much
broader peaks in the reaction probability at Ec1.15 eV
were attributed to a direct pathway. Further support for these
conjectures was obtained with the results of the application
of a statistical quantum method23,24 SQM and a phase space
theory PST approach25 to investigate the dynamics of the
title reaction employing the DMBE IV PES.11 In that study
the statistical approaches were found to yield an average de-
scription of the J=0 exact reaction probability at the low
energy range up to 1.15 eV. Beyond that energy, the sudden
increase in the reactivity exhibited by the TDWP
probability22,26,27 cannot be reproduced statistically. More-
over, the comparison with state-to-state exact quantum me-
chanical EQMresults28 revealed that the main reason for
such deviations from a statistical behavior was the marked
preference for the formation of OHv=0, j fragments in
highly excited rotational states, j13. This partially statis-
tical behavior of the dynamics on the DMBE IV PES was
also observed in the study by Lin et al.29 Based on the long
lifetime of the intermediate complex and the fact that the
H+O2 reaction seems to be dominated by long-lived reso-
nances, a wave packet version of the SQM of Ref. 23 was
employed to compute the rate constant of the title H+O2
reaction, its reverse O+OH reaction, and the capture rate of
the H+O2→HO2 process. The agreement found with experi-
mental results was considered as excellent by the authors. In
addition, studies of the unimolecular dissociation of the HO2
complex into the H+O2 fragments using the DMBE IV PES
revealed significant statistical properties concerning the HO2
species: The Ramsperger–Rice–Kassel–Marcus dissociation
rates were found to agree quite well with the average value
of the fluctuating EQM results.30–32 Moreover, the vibrota-
tional O2 distributions could be described through statistical-
based methods,33,34 in particular, within the framework of the
statisticodynamical approach.35
Despite the above mentioned reports in support of a
dominant complex-forming mechanism for the H+O2 reac-
tion dynamics as described by the DMBE IV PES, the ques-
tion is far from settled. Previous trajectory calculations9,36
and transition state theory studies37 on this surface have de-
tected significant nonstatistical features attributed to recross-
ing effects. Similar deviations from a complete statistical be-
havior have been also reported38,39 for the surface by Melius
and Blint40 and for the global PES by Troe and
co-workers.14,39,41 Furthermore, although statistical predic-
tions reported in the study by Bargueño et al.11 were cer-
tainly close to measured cross sections, most of the achieve-
ments to give account for some dynamical aspects of the H
+O2 reaction regarded only to the reactivity at either zero or
low total angular momentum J. The statistical total cross
section, for instance, clearly overestimates the EQM result.
In this sense, the differences observed in the J=0 reaction
probabilities obtained with the XXZLG and DMBE IV PESs
suggest that perhaps the former surface is even more favor-
able for a complex-forming reaction than the latter. In par-
ticular, previously reported probabilities clearly show that
the increase beyond Ec=1.15 eV, identified as the origin of
the deviations from a statistical behavior, does not exist on
the XXZLG PES.3,7 This expectation is nevertheless at odds
with preliminary evidences of nonstatistical features of the
reaction. In particular, the analyses of the bound state levels
and low-lying resonances of the HO2 system for J=0 Ref.
4 indicate significant regularity in the vibrational spectrum,
in contrast with the irregularity observed on the DMBE IV
PES,42–44 which would be consistent with the energy ran-
domization process assumed in the statistical analysis of the
corresponding bimolecular process. DCSs calculated on the
XXZLG PES near the reaction threshold, on the other hand,
exhibit some asymmetry in the forward and backward scat-
tering peaks. This feature was interpreted by the authors of
Ref. 6 as indications of relatively short-lived resonances.
In this work, we employ two different statistical ap-
proaches to investigate the issue of possible insertion dynam-
ics for the H+O2 reaction on the above two mentioned PESs.
First, we consider the SQM of Refs. 23 and 24. In accor-
dance with previous studies which indicate that helicity de-
coupling frameworks introduce inaccuracies, specially when
the H+O2 arrangement is studied,5,29,45–49 the model has
been used in its coupled-channel CC version with no Cori-
olis coupling approximation. Comparisons with results ob-
tained within the centrifugal-sudden CS approximation50–52
will allow to expose the discrepancies generated by such an
approach. It is worth mentioning that the present study on the
effect of the Coriolis coupling terms is limited to the
asymptotic regions considered in the framework of the SQM.
The consistency with previous conclusions from the exact
calculations will be though investigated. In this sense, for
other reactions, the use of the CS version of the statistical
model has been found to introduce some inaccuracies on
state-to-state resolved magnitudes.53 To the best of our
knowledge, this is the first time that a statistical approach is
employed for the XXZLG PES. Second, we apply the re-
cently proposed mean potential PST MPPST.54 The method
consists in a nonconventional application of PST to effec-
tively account for anisotropies in the asymptotic reactant and
product channels.
The present analysis of the H+O2 reaction involves the
study of reaction probabilities, ICSs, and DCSs. Statistical
predictions of such quantities are compared to the corre-
sponding exact results. In particular, exact TDWP reaction
probabilities for various values of the total angular momen-
tum J Refs. 7, 11, 22, 46, and 47 and ICSs Refs. 11, 55,
and 56 have been previously reported for the DMBE IV
PES. Analogously, for the XXZLG PES, there exist a vast
number of studies which have reported reaction
probabilities3,5,7 and ICSs.5,6 Furthermore, Honvault et al.6
have recently used the XXZLG PES to obtain DCSs for en-
ergies close to the reaction threshold by means of a time
independent TI EQM approach. In some cases, as ex-
plained below, we have extended some of the calculations
presented in Ref. 7.
This paper constitutes a comparative study in many
ways. First, we propose an analysis of the dynamics of the
H+O2 reaction using EQM, SQM, and MPPST methodolo-
gies and employing two different PESs: the DMBE IV and
the XXZLG surfaces, respectively. The statistical predictions
are compared to EQM results, with reaction probabilities and
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ICSs obtained with the TDWP approaches of Refs. 5, 7, and
11 and the DCSs reported in the TI EQM calculation of Ref.
6. In addition, possible differences between the results ob-
tained by means of the two statistical methods employed
here, the SQM and MPPST, are investigated. The issue of the
poor performance of the CS approximation for the title reac-
tion is tested by comparing to the CC version of the SQM.
The paper is structured as follows: In Sec. II, the main
theoretical aspects of the TDWP approaches and the two sta-
tistical methods employed here, the SQM and MPPST, re-
spectively, are presented. In Sec. III we show the results
which are discussed in Sec. IV. Finally, in Sec. V, we list the
main conclusions of the present study.
II. THEORY
A. Quantum time dependent wave packet calculations
Two different computer programs, TDWP1 and TDWP2,
were used in our calculations employing the XXZLG PES.
TDWP1 deals with J=0 only and uses the real wave packet
approach by Gray and Balint-Kurti57 in product coordinates
to be able to obtain state-to-state reaction probabilities. The
TDWP1 program has been employed to obtain all J=0 results
for the XXZLG surface presented in this paper. In TDWP1 the
application of the kinetic energy onto the wave packet is
done using discrete variable representation DVR based on
Gauss–Legendre quadrature points for the angular part, and
the radial kinetic energy terms are evaluated using fast Fou-
rier transforms.57–59. The analysis is done using the
asymptotic matching method by Balint-Kurti et al.57,60
TDWP2 deals with J0 and also uses the real wave
packet approach, but in reactant coordinates. Moreover, a
wrapped sinc-DVR Ref. 61 is used for the application of
the kinetic energy operator. In addition, a point selection
scheme is used to speedup the calculations.22 The analysis in
TDWP2 is done using a flux analysis method.27,62 The TDWP2
method has been employed for the extended J=2 and J=4
calculations for the XXZLG PES presented in the current
paper.
All parameters used in the TDWP1 and TDWP2 calcula-
tions are listed in Table I of Ref. 7. In all TDWP1 calculations
the wave packet has been propagated for 50 000 steps. In the
current TDWP2 calculations presented here the wave packet
was propagated for 60 000 steps. This differs from the cal-
culations presented in Ref. 7, where 35 000 steps were
deemed to be sufficient. As will be discussed in Sec. III B,
longer propagation times were found to be necessary in the
current calculations. Both methods employed are well docu-
mented in the literature. For more details, see, for example,
Refs. 22, 46, 55, and 57–59.
The calculations for the DMBE IV PES have been per-
formed with the TDWP approach described in Refs. 11 and
26. Hereafter we will refer to this method as TDWP3. We
suggest the above mentioned references to the interested
reader for a proper discussion regarding the theoretical de-
tails of this code.
B. Statistical quantum method
The theory on the SQM model has been presented in
several occasions before,10,23,24 so here we will only discuss
the most relevant aspects. The method is conceived to deal
with complex-forming atom-diatom reactions. TI log deriva-
tive calculations are done separately in each arrangement,
restricted to the region which extends from the asymptotic
situation with the separated atom-diatom fragments up to
certain capture radius where the complex is assumed to exist.
The individual capture probabilities pi
IJ at specific values of
the total angular momentum J and the QM parity I are thus
obtained, and the state-to-state reaction probability is ap-
proximated as
Svj,vj
IJ E2 
pvj
IJ Epvj
IJ E
vjpvj
IJ E
. 1
In the above expression, v and j refer to the diatomic vibra-
tional and rotational quantum numbers, respectively, of the
reactant O2 fragment and  is the modulus of the projection
of the diatomic rotational angular momentum on the atom-
diatom axis. The corresponding values of those quantum
numbers for the product OH diatom are expressed with
primes. In Eq. 1, the sum in the denominator is extended to
all energetically open vibrotational states in both reactant and
product arrangements.
The statistical state-to-state ICS is then evaluated from
the corresponding QM expression,
vj,vjE =

gkvj
2 2j + 1 IJ
2J + 1Svj,vj
IJ E2,
2
with kvj
2
=2E−Evj /h2, Evj being the energy of the initial
rovibrational state vj of the reactant diatom,  the atom-
diatom reduced mass, and g the electronic degeneracy, which
in the case of H+O2 is 3. For the reactive probability
Svj,vj
IJ E2 we consider the statistical approximation of
Eq. 1.
Since the SQM approach only enables the computation
of the square modulus of the scattering matrix, the calcula-
tion of DCSs requires the use of a further approximation.
Thus, under the random phase assumption,24 the expression
of the DCS is the following:
vj,vj,E 
1
8kvj
2
1
2j + 1 IJ
2J + 12d
J  − 2
+ d
J 2Svj,vj
IJ E2, 3
where d
J is a reduced rotation matrix element.
As indicated in the Introduction all calculations were
performed within the CC version. Hereafter we will only
refer to this “exact” statistical version as SQM-CC when we
compare to the results obtained within the CS approximation
SQM-CS. On all other occurrences this method is referred
to as SQM. We note by passing that even with the consider-
able reduction in the computation time introduced with the
SQM compared to an EQM method, the calculation of ICSs
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with the CC code at the larger values of the energy shown
here can be prohibitive. The numerical difficulty is found
mainly in the reactant channel H+O2, where the number of
O2v , j vibrotational states is extremely large as compared
to the corresponding OHv , j product states. In order to
obtain total and state-to-state cross sections at 1.6 eV colli-
sion energy, for large values of the total angular momentum
J, it was necessary to limit the number of rotational states j
included in the SQM-CC calculation in the reactant channel.
The largest value of j required for the calculation at Ec
=1.6 eV was j87, corresponding to the ground O2 vibra-
tional state. Statistical calculations considering different j
=1, j
max
0  , j
max
0 +2, j
max
1  , . . . , j
max
n−1+2, j
max
n  , j
max
n +2, j=87
sequences were carried out to achieve converged results.
Tests of such a procedure at lower energy values yielded no
differences with the corresponding calculation with no re-
strictions on the number of rotational states. Capture prob-
abilities pvj
J for all the accessible reactant diatom states
were thus constructed by addition of the outputs from those
separate calculations. Furthermore the SQM-CC calculation
was only carried out for even values of J up to J=80. State-
to-state probabilities for H+O2v=0, j=1→OHv , j+O
at Ec=1.6 eV were obtained for those calculated J. The cor-
responding values at J odd values were estimated by inter-
polation of these opacity functions.
C. Mean potential phase space theory
The MPPST consists of an unusual implementation of
PST which approximately accounts for anisotropies in the
asymptotic channels.54 To that end, instead of approximating
the potential energies of interaction between separated frag-
ments by their isotropic long-range contributions, usually es-
timated from the Slater–Kirkwood model in PST, the latter
are replaced by the accurate potential energies averaged with
respect to Jacobi angles over attractive regions. As in the
original PST, a microcanonical distribution of the phase
space states of the intermediate long-lived complex is
assumed.25 Consequently, ICSs and DCSs are shown to be
completely determined by capture fluxes in the entrance and
exit channels,63 which can be computed through phase space
integrals. The approach is semiclassical in that the diatom
vibration motions are quantized, whereas the rotation/
translation motions are treated classically. MPPST has been
shown to lead to results in very satisfying agreement with the
predictions of the TI and time dependent quantum statistical
models for the A+H2 reactions with A=C1D and S1D.54
Technical details for implementation of such a model are
presented in Refs. 54, 64, and 65.
III. RESULTS
As mentioned in previous sections, this study focuses on
the analyses of reaction probabilities, ICSs, and DCSs. In
particular, we separate the case of a zero total angular mo-
mentum and those situations in which J0. Particular em-
phasis is placed on the comparison between the observed
dynamics on both PESs.
A. J=0 reaction probabilities
The total reaction probabilities for the H+O2v=0, j
=1→OH+O reaction at zero total angular momentum em-
ploying the DMBE IV and XXZLG PESs are given in Fig. 1.
The corresponding EQM results have been taken from pre-
viously reported calculations by means of the TDWP3 Ref.
11 and TDWP1 Ref. 7 codes, respectively. A similar com-
parison between exact probabilities and the corresponding
statistical predictions on the DMBE IV surface has been
shown before.11 As indicated there, both statistical ap-
proaches yield reaction probabilities which are in remarkably
good accord with the average value of the TDWP result.
Such agreement is more noticeable at energies below
1.25 eV total energy; beyond that value, which is close to
the onset of the OHv=1 product channel, the exact prob-
ability increases. Neither the SQM nor the MPPST outputs
seem to follow that sudden increase in the reactivity. The fact
that the apparent success of the statistical methods to repro-
duce the exact result depends on the energy range considered
can be interpreted, as suggested before,22 in terms of the
existence of two distinct dynamical mechanisms: At the low
energy regime, an intermediate complex mediated dynamics
would be consistent with a statistical description of the pro-
FIG. 1. Total reaction probabilities in terms of the total energy for H
+O2v=0, j=1→HO+O on the XXZLG top panel and DMBE IV
bottom panel PESs obtained by means of the TDWP1 Ref. 7 and TDWP3
Ref. 11 in solid line, respectively, the SQM dotted line and the MPPST
dashed line approaches for zero total angular momentum.
244308-4 Bargueño et al. J. Chem. Phys. 128, 244308 2008
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cess, whereas the deviation of the TDWP probability with
respect to any statistical description at higher energy would
suggest the onset of a direct reaction mechanism. The
MPPST result for the reactivity at J=0, on the other hand,
does not differ significantly from the previous estimations
obtained with the usual PST approach.11
One of the most distinguishable features of the J=0 re-
action probability for the XXZLG surface in comparison
with the DMBE IV PES is the absence of the above men-
tioned increase at the high energy regime. Since at those
energies the discrepancies with the SQM and MPPST results
are larger, one might expect an overall better description of
the reaction probability by statistical means on the XXZLG
surface. The observed situation differs, however, notably
from those expectations. The TDWP reaction probability is
significantly smaller over the whole energy range under con-
sideration on the XXZLG PES. The obtained statistical PJ
=0,E probability curves, which apart of the shift in the
reaction threshold introduced by the different potential sur-
face, hardly vary from those on the DMBE IV PES. The
statistical results therefore do not provide the expected aver-
age description of the EQM results but overestimate the ex-
act probabilities.
Further insight into the dynamics of the title reaction on
the XXZLG PES at zero total angular momentum is gained
at the state-to-state level. Exact reaction probabilities for dif-
ferent H+O2v=0, j=1→OHv=0, j+O processes were
calculated by means of the TDWP1 approach. The j=0, 7,
and 14 cases are shown in Fig. 2 together with the statistical
counterpart provided by the SQM approach. In the study by
Hankel et al.7 energy averaged rotational distributions for J
=0 were obtained, but as in Ref. 11 we prefer to compare the
EQM and SQM state-to-state reaction probabilities not aver-
aged with respect to the collision energy. Such a comparison
enabled us to distinguish that the major discrepancies be-
tween both approaches have their origin in the propensity of
formation of highly excited rotational states of the OH frag-
ment as evidenced by the EQM probabilities.11 This seems
not to be the case for the XXZLG PES since reaction prob-
ability of the H+O2v=0, j=1→OHv=0, j=14+O pro-
cess is significantly smaller than for the other j states ana-
lyzed here. In addition, the statistical predictions happen to
provide a better description of the TDWP result as the prod-
uct j excitation increases. The overestimation found for the
total reaction probability see Fig. 1 seems to be originated
from the low j cases, as seen from the probability for the
OHv=0, j=0 production. For the two other values of j,
the SQM probability constitutes a fair average of the exact
result provided by the TDWP calculation.
B. Reaction probabilities for J>0
After discussing the J=0 reaction probabilities in the
previous subsection, we will now analyze the corresponding
probabilities for J0. Thus we calculate the total reaction
probabilities for the H+O2v=0, j=1 at J=2 and 4 by
means of the two statistical approaches employed here, the
SQM and the MPPST methods. The results of such calcula-
tions are shown in Fig. 3 besides the reaction probabilities
obtained with the TDWP2 calculation. It should be noted here
that these probabilities are not exactly the same as those
reported in Ref. 7. The reason is that the preliminary com-
parison with the statistical predictions revealed an unusually
large deviation between the corresponding reaction thresh-
olds visible in the figures. In order to test the origin of this
discrepancy, calculations performed in the study by Hankel
et al. were repeated with a longer propagation time. Short
times in the propagation correspond to high energy compo-
nents of the total probability. While the actual reaction
threshold should not change, the magnitude at low energy
will increase if longer propagation times are included. As a
result, some shift in those thresholds was observed, although
as Fig. 3 reveals, the statistical results indicate a somewhat
earlier reactivity than that exhibited by the TDWP probabil-
ity. But clearly the most significant conclusion to be drawn
from Fig. 3 is that both the SQM and MPPST results are
significantly larger than the EQM result. From the two sta-
tistical methods, the SQM approach produces probabilities
even higher than those obtained by means of the MPPST
method. Previous studies10,11 carried out on the DMBE IV
FIG. 2. State-to-state selected probabilities for the H+O2v=0, j=1
→OHv=0, j+O reaction on the XXZLG PES for j=0 top panel,
j=7 middle panel, and j=14 bottom panel at J=0. TDWP results,
calculated employing TDWP1, are in solid line, and SQM probabilities are in
dotted line.
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PES revealed, on the contrary, that statistical reaction prob-
abilities for low and intermediate values of the total angular
momentum J15 were not in such evident disagreement
with respect to the exact TDWP results as found for the
XXZLG PES. In particular, the PST probabilities reported in
Ref. 11 were found to be in a fairly good agreement with the
EQM values. To investigate this further we have calculated
statistical predictions by means of the SQM-CC and MPPST
methods for J=2, 5, and 15. The comparison with the TDWP3
reaction probabilities of Ref. 11 is shown in Fig. 4. As men-
tioned above, both approaches, especially the MPPST, are
capable to reproduce the exact results. Despite the fact that
the agreement begins to deteriorate as J increases, it is clear
that the overall performance of the statistical techniques to
describe the dynamics of the collision at this low J regime is
very different for both PESs.
Figure 4 also includes the SQM-CS results, that is, those
obtained by means of the SQM within the CS approximation.
According to the present SQM predictions, this approxima-
tion seems not to introduce significant differences with re-
spect to the CC calculations; at least in the range of low-
medium values of the total angular momentum considered,
J15. As we will see below, this is not the case when the
total angular momentum is increased to even larger values.
The comparison between the statistical approaches reveals
that the MPPST predictions are certainly closer to the TDWP
reaction probabilities than those obtained with the SQM. A
slight deviation from the exact results as J increases is ob-
served.
These particular dynamical aspects, the comparison be-
tween the CS and CC calculations on one hand and the com-
parison between the statistical approaches and the TDWP
reaction probabilities, on the other hand, when the total an-
gular momentum varies, can be further analyzed by calculat-
ing the opacity functions. Thus, MPPST and SQM calcula-
tions were carried out to obtain the total reaction
probabilities of the H+O2v=0, j=1→OH+O process at
specific values of the collision energy in terms of J for the
two PESs considered in this study. In particular, the opacity
functions at Ec=0.9 and 0.8 eV for the DMBE IV and XX-
ZLG PESs, respectively, were computed with these statistical
approaches. Results of such calculations are shown in Fig. 5
in comparison with EQM probabilities. The TDWP opacity
for the DMBE IV surface was obtained from Ref. 11 see
Fig. 5. The corresponding reaction probability for the XX-
ZLG PES has been adapted from the cross sections reported
in Ref. 5. It is obvious from the comparison between the
FIG. 3. Total reaction probabilities for the H+O2v=0, j=1 process at J
=2 top panel and J=4 bottom panel on the XXZLG PES. TDWP results,
calculated employing TDWP2, are in solid line, SQM probabilities in dotted
line, and MPPST predictions in dashed line.
FIG. 4. J=2 top panel, J=5 middle panel, and J=15 bottom panel
reaction probabilities for the H+O2v=0, j=1 reaction on the DMBE IV
PES. TDWP3 and SQM-CS obtained within the CS approximation, in solid
and dotted line, respectively, are from Ref. 11. MPPST predictions are in
dashed line, and those obtained by means of the CC version of the SQM
calculation are shown with open triangles.
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exact reaction probabilities and those obtained by statistical
means shown in Fig. 5 that the overall quality of the statis-
tical predictions for the DMBE IV PES seems to deteriorate
as J increases. Both MPPST and SQM results are above the
exact probabilities for nearly the whole range of the total
angular momentum covered at 0.9 collision energy, but the
differences at large values of J J	15 are especially signifi-
cant. For the XXZLG surface the situation is even more un-
favorable for a statistical description of the exact probabili-
ties, since the disagreement between both kinds of results is
noticeable even for the lowest values of J. This result is
consistent with our observations for a wide range of energy
at J=2 and 4 see Fig. 3.
The statistical methods on the other hand give equivalent
predictions. Apart from some slight deviations at some spe-
cific values of the total angular momentum, the overall ac-
cord between the MPPST and the SQM-CC results is cer-
tainly remarkable. It is also interesting to point out the
substantial differences found at high values of J between the
SQM approach in the CC version and under the CS approxi-
mation. In particular, the SQM-CS probabilities start to di-
verge from the SQM-CC result about J25 at both energies
and surfaces. Beyond that value of the total angular momen-
tum, the reaction probabilities obtained within the CS ap-
proach suddenly increase, deviating from the exact statistical
calculation. This finding is entirely consistent with previ-
ously published reports of the failure of such an approxima-
tion for the H+O2 reaction in EQM calculations.5,29,45–49
These results illustrate the deficiencies of the CS approach in
the framework of statistical techniques, establishing the ori-
gin of the discrepancies with the CC method at relatively
large values of the total angular momentum.
C. Integral cross sections
Another dynamical feature analyzed in the present study
is the ICS for the H+O2v=0, j=1 reaction. In a similar
way as for the reaction probabilities discussed above, statis-
tical predictions for the ICSs have been calculated by means
of the MPPST and SQM-CC approaches for both the DMBE
IV and XXZLG PESs. In Fig. 6 we show such results in the
range up to 1.5 eV collision energy. The comparison with
exact TDWP cross sections has been included in the figure.
The EQM ICSs on the DMBE IV PES correspond to those
reported in Refs. 11 obtained with the TDWP3 approach
and 55 obtained with the TDWP2 approach. The EQM ICS
on the XXZLG PES is the one calculated by Lin et al.5 A
previous comparison see Fig. 4 of Ref. 5 already revealed
that, besides a shift in the corresponding reaction threshold,
no significant differences are observed between the exact
ICSs obtained on the two surfaces. This feature has been
interpreted as an indication of the dominance on the overall
reactivity of the product OH+O channel, which is described
in a similar way in both the XXZLG and DMBE IV PESs.5
Statistical cross sections calculated for each PES exhibit
similar behavior with energy, confirming thus that the de-
scription of the long range region given in both PESs does
not differ substantially in the two cases.
Figure 6 reveals that the statistical approaches do not
give a correct estimate of the exact cross sections. Although
the thresholds for each potential surface are correctly de-
FIG. 5. Initial state resolved probability with respect to the total angular
momentum J at 0.9 eV collision energy on the DMBE IV PES top panel
and at Ec=0.8 eV on the XXZLG PES bottom panel. TDWP results
squares with solid lines are from Ref. 11, where the TDWP3 code was
employed, in top panel and adapted from ICSs of Ref. 5. MPPST probabili-
ties are in solid line, SQM-CS are shown in full circles and solid lines, and
SQM-CS results are in open circles and dashed lines.
FIG. 6. ICSs measured in Å2 obtained on the DMBE IV full symbols and
the XXZLG PESs empty symbols by means of the SQM solid line and
circles, the MPPST dotted line and triangles, and TDWP approaches from
Refs. 11 solid line, 55 dashed line, and 5 dotted line. Experimental
results shown with squares have been taken from cross sections measure-
ments based on OH Refs. 67 and 68 and O Refs. 56 and 66 product
detection techniques.
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scribed, neither the MPPST nor the SQM cross sections seem
to have the same dependence on energy compared to the
TDWP results. The statistical predictions largely overesti-
mate the exact ICSs. It seems then that the observed accord
between the statistical and TDWP reaction probabilities at
low values of J for the DMBE IV PES is not sufficient to
guarantee a correct description of the ICSs. On the contrary,
the above discussed deviations from the EQM probabilities
at high values of J, with a major contribution in the expres-
sion for the cross section due to the 2J+1 weighting factor
see Eq. 2, preclude the ICSs to exhibit a completely sta-
tistical behavior. In addition cross sections obtained with
these two statistical methods start to differ about 0.9 collision
energy. Both results are almost identical at the low energy
regime, but beyond that energy the ICSs computed by means
of the SQM are consistently larger than those obtained in the
MPPST calculation. The small differences between the
MPPST and SQM ICSs at 0.9 and 0.8 eV for the DMBE IV
and MPPST PESs, respectively, are therefore consistent with
the overall agreement found for the corresponding opacity
functions shown in Fig. 5.
In a recent study, Honvault et al.6 calculated initial state-
selected ICSs at a very low total energy, Etot=0.7661 eV, for
a series of initial O2v , j states. The observed trends upon
increases in either the vibrational v or rotational quantum
number j were considered to be inconsistent with the ex-
pected results of a statistical model. In this work, we have
employed the MPPST and SQM approaches to test this con-
clusion. In particular, in Table I, ICSs for the H+O2v , j
=1 reactions for various values of v at Etot=0.7661 eV,
from both statistical methods are listed in comparison with
the exact cross sections reported in Ref. 6. Neither of the
statistical predictions are far from the exact results, and with
the only exception of an observed slight deviation of the
MPPST values, one could conclude that, at least for this low
energy, the two above mentioned methods produce fairly
good estimates for the reaction ICSs. It is worth mentioning
that the SQM predictions are higher than the EQM ICSs in
all cases considered in Table I, whereas the MPPST cross
sections remain below.
Figure 6 also shows the comparison between theory and
experimental results obtained by means of both O Refs. 56
and 66 and OH detection techniques.67,68 Previous compari-
sons have revealed that the calculated exact ICSs were
clearly lower than the reported measurements, and only in
two cases, 1.2 and 1.5 eV collision energies, the theoretical
values appear to be within the experimental uncertainty. Ex-
act TDWP approaches are therefore in clear disagreement
with the experimental data. The statistical predictions on the
other hand happen to be slightly above the upper limits of the
error bars and, with the only exception of Ec=1.6 eV, do not
agree either with the experimental ICSs. For that particular
collision energy, experimental state-to-state resolved ICSs
have been reported.20 Previous studies have found that the
shape of the rotational distributions for the OHv=1 pro-
duction channel can be perfectly reproduced by means of
statistical results.10,11 We have employed both the MPPST
approach and the CC version of the SQM with the DMBE IV
PES at 1.6 eV collision energy. The result of the comparison
of these statistical cross sections to the measured values is
shown in Fig. 7. In consistence with the previously reported
results of Refs. 10 and 11, the observed population of the
OHv=1, j product states is in agreement with the predic-
tion obtained with the SQM, but the calculated rotationally
resolved ICSs for the H+O2v=0, j=1→OHv=0, j+O
reaction do not reproduce the experimental results. The
present theoretical ICSs differ notably from those reported in
Fig. 40 of Ref. 10. In that case, the SQM results were ob-
tained within the CS approximation, which is found to over-
estimate reaction probabilities for large values of the total
angular momentum in comparison with the CC version see
Fig. 5. As a result, the present SQM rotationally resolved
TABLE I. ICSs, in Å2, for the H+O2v , j=1→O+OH reaction at Etot
=0.7661 eV calculated on the XXZLG PES. The TI EQM results reported in
Ref. 6 are compared to the SQM and MPPST predictions.
v TI EQM SQM MPPST
0 0.0024 0.0041 0.0010
1 0.0034 0.0055 0.0013
2 0.0069 0.0087 0.0022
3 0.0121 0.0162 0.0058
FIG. 7. Rotationally resolved ICSs for the H+O2v=0, j=1→OHv , j
+O reaction at 1.6 eV collision energy. Cross sections for the production of
OHv=0, j are in top panel and those for the OHv=1, j are shown in
bottom panel. Theoretical results have been obtained with the DMBE IV
PES by means of the SQM empty circles and dashed line and MPPST
solid line approaches. Measured cross sections correspond to results re-
ported from Bronikowski et al. Ref. 20 and have been scaled, in both
OHv cases, in order to match the SQM prediction for the OHv=1,
j=7 ICS.
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ICSs are much smaller than those obtained when the Coriolis
couplings are neglected. The differences of the present
MPPST results and the ICSs obtained with the usual PST
approach see Fig. 7 of Ref. 11 consist mainly on a distinct
population of the OHv=1, j9 product rotational states.
The disagreement between these MPPST ICSs and the ex-
perimental values for the lower OHv=1, j9 states is
only due to the fact that the measured distributions have been
scaled to match the SQM prediction for OHv=1, j=7.
The different behavior of the MPPST rotational distributions
with respect to both the experimental and the SQM values is
nevertheless evident for the highest product states. The ex-
cess of cross sections for both OHv product channels pre-
dicted by the SQM approach with respect to the other statis-
tical method, the MPPST, explains the difference observed in
Fig. 6 for the total ICS at Ec=1.6 eV.
The possible effect of the zero-point energy ZPE on the
results obtained by means of quasiclassical trajectory QCT
calculations on the H+O2↔OH+O reaction is a widely de-
bated issue.19,36,39,69,70 In particular, excitation functions have
been calculated on the DMBE IV PES by means of QCT
approaches which try to solve the ZPE problem in different
manners.
19 Among the possible alternatives suggested in Ref.
19, we have compared the statistical predictions for the ICS
of the H+O2v=0, j=1 reaction to those obtained with the
QCT-quantum mechanical threshold QCT-QMT, the QCT-
internal energy QMT QCT-IEQMT, and the QCT-
vibrational energy QMT QCT-VEQMT variants. In the
QCT-QMT approach, only those trajectories with enough to-
tal energy to reach the ZPE of the products are integrated.
This method is found to be identical to the usual QCT
method when the collision energy was larger than the differ-
ence between the ZPEs of products and reactants that means
Ec0.71 eV for the present reaction. In the QCT-IEQMT
and QCT-VEQMT variants, the criterion to accept a trajec-
tory for the corresponding statistical analysis is applied to the
internal energy or vibrational energy, respectively, of the fi-
nal product or the reactant diatomic fragment in case the
trajectory turns to be not reactive. In Table II, the values for
the ICS at energies close to the reaction threshold reported
for the above described three QCT approaches19 are com-
pared to the statistical SQM and MPPST predictions ob-
tained in this work on one hand and with EQM results from
previous studies on the other hand.11,55 The QCT predictions
are, in general, not too far from the exact ICSs. In this sense
the comparison with the EQM results reveals that the QCT
approaches produce cross sections in an overall better agree-
ment than those ICSs obtained by means of the statistical
methods. Values for the QCT-QMT and QCT-IEQMT ICSs
are larger, for the energies shown in Table II, than the EQM
cross sections, whereas the QCT-VEQMT model yields
smaller ICSs than the exact ones. As already discussed
above, the SQM and MPPST approaches predict cross sec-
tions which overestimate the EQM ICSs. Although the de-
finitive benchmark to elucidate the best strategy to overcome
the ZPE problem has to be obviously provided by the EQM
results, the good accord in the values of the threshold for
reaction found between both QM approaches statistical and
exact enables either the SQM or MPPST methods to be used
in order to get some insight about which one is the most
accurate QCT variant discussed here. With the aim to obtain
a pictorial description of the behavior with respect to the
collision energy of the ICSs calculated with the different
theoretical approaches mentioned here, in Fig. 8 we have
plotted, for the energy region close to the threshold for reac-
tion 0.6
Ec
0.9 eV on the DMBE IV PES the SQM and
MPPST predictions for the ICS, those cross sections reported
from the EQM calculations of Refs. 11 and 55 and the dif-
ferent QCT results.19 The statistical functions have been ob-
tained by interpolation of the calculated points, shown in Fig.
6, whereas the corresponding excitation functions for the
QCT calculations are the result of a least-squares fit to the
same analytical expression considered in the study by
Varandas.19 Although the procedure to obtain the specific
function describing the calculated QCT ICSs is not entirely
identical to that one reported in Ref. 19, it should suffice for
the present discussion.71 It is clear from Fig. 8 that only the
QCT-IEQMT approach seems to yield a threshold for reac-
tion, Ethr
IEQMT0.7 eV, in certain agreement with the QM
value Ethr
QM0.71 eV. The usual QCT method, however,
leads to a far too low energy for such threshold, Ethr
QCT
0.44 eV.19
TABLE II. ICSs measured in Å2 calculated with the DMBE IV PES at collision energies in first column in eV,
near to the reaction threshold for H+O2v=0, j=1→OH+O. Statistical predictions obtained with the SQM in
second column and MPPST third column are compared to EQM results from Refs. 11 and 55 in fourth and
fifth columns, respectively. QCT cross sections obtained by means of different variants to overcome ZPE
effects from Ref. 19 are included in the last three columns. See text for details.
Statistical EQM QCTa
Ec SQM MPPST Ref. 11 Ref. 55 QMT IEQMT VEQMT
0.674 0 0 0 0 0.016 0.002b
0.725 0.013 0.018 0.002 0.003 0.019 0.003
0.829 0.145 0.151 0.044 0.030 0.092 0.008 0.069 0.007 0.018 0.004
0.933 0.249 0.218 0.067 0.057 0.045 0.006
1.2 0.365 0.320 0.106 0.106 0.163 0.011 0.100 0.008
aReference 19.
bThe usual QCT approach, which is found to agree with the QCT-QMT approach for energies above
Ec0.71 eV, predicts a value of the ICS at Ec=0.674 eV of 0.0550.004 Å2.
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D. Differential cross sections
Only quite recently have EQM DCSs been reported for
the title reaction.6 In the context of an investigation regard-
ing the possible occurrence or not of complex-forming reac-
tion mechanisms for the H+O2 process, the precise shape of
the angular distributions can supply useful information about
the dominant dynamics. The comparison of DCSs obtained
by means of statistical tools with those recent exact results
therefore constitute a quite attractive test to complete the
present dynamical study. Thus we have employed the
MPPST and SQM-CC approaches to calculate DCSs for
some of the initially state-selected processes considered in
the EQM study of Ref. 6.
In Fig. 9 we compare the statistical DCSs to the corre-
sponding exact angular cross sections for the H+O2v , j
=1→OH+O reactions, with v=0–3 at 0.7661 eV total en-
ergy on the XXZLG PES.72 In their analysis of the DCSs
found at that specific energy, the authors of Ref. 6 conceded
that the propensity of the TI EQM angular distributions to
exhibit pronounced peaks at the forward 	0°  and back-
ward 	180°  scattering directions could be indicative of
the formation of an intermediate complex. In their opinion,
the slightly asymmetrical profile precludes a complete statis-
tical origin. The comparison shown in Fig. 9 reveals, how-
ever, that, despite the expected discrepancies observed for
those cases with a more pronounced asymmetry v=1 and 2,
the description provided by the statistical approaches is not
bad. Thus, the average description of the TI EQM distribu-
tions at the sideways scattering direction 50°130°  is
fairly good and for v=1 and 2, the cases in which certain
propensity on the forward-backward peaks is observed, the
SQM value for the 	0° maximum is in good agreement
with the exact result. The most significant discrepancy is
found between the SQM prediction and the TI EQM DCS for
the case of the reaction initiated from the ground vibrational
state of the reactant O2v=0, j=1: The SQM result is
clearly larger and display a forward-backward propensity
which is not present in neither the exact nor MPPST angular
cross section. It is worth mentioning though, that as indicated
in the ordinate axis of the figure, the total magnitude of the
angular distributions is almost negligible due to the proxim-
ity to the reaction threshold.
A similar comparison, at a slightly higher energy Etot
=0.7761 eV, is shown in Fig. 10 for the H+O2v=3, j=1
reaction.72 At this energy, the DCS is about one order of
magnitude larger than the case studied in Fig. 9 for the same
initial rovibrational state of the O2 reactant. Interestingly, the
differences between the two statistical approaches are now
noticeably smaller than at 0.7661 eV total energy. The ob-
FIG. 8. ICS measured in Å2 at collision energies near the threshold for
reaction, calculated on the DMBE IV PES by means of the statistical ap-
proaches in solid lines used in this work SQM and MPPST, the EQM
methods in dashed lines from Refs. 11 and 55, and the QCT approaches in
dotted lines of Ref. 19: the usual QCT method and the QCT-QMT, QCT-
IEQMT, and QCT-VEQMT variants, which employ different strategies to
overcome the ZPE effects. The statistical cross section curves have been
obtained by interpolating the calculated points up to Ec=0.9 eV shown in
Fig. 6, and the ICS functions of the QCT calculations have been extracted
from least squares fits to the same analytical form employed in Ref. 19. See
text and Ref. 71 for further details.
FIG. 9. DCSs calculated on the XXZLG PES at 0.7661 eV total energy for
the H+O2v , j=1 reaction, for v=0 to 3 from top to bottom panels. Units
are Å2 /sr. Exact results in solid lines, which are TI DCSs from Ref. 6, are
compared to the MPPST dashed line and SQM dotted line predictions.
See Ref. 72 regarding units of the TI EQM results.
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served 2.2:1 ratio between the forward and backward peaks
of the exact angular distribution is logically not well de-
scribed statistically, but the sideway region and the backward
peak are in remarkable good accord with the TI EQM result
reported in the study by Honvault et al.
IV. DISCUSSION
Previous EQM results have shown that probabilities for
the H+O2 reaction at not extremely large values of the total
angular momentum, J10, differ significantly depending on
the PES employed for the calculations.3,5,7 However, the
comparison between the corresponding ICSs obtained on the
DMBE IV and XXZLG PESs reveals that apart from the
different reaction thresholds, results on both surfaces seem to
be dynamically quite similar. It is difficult though to provide
a complete analysis of the differences in the predicted dy-
namics for the H+O2 reaction introduced by the possible
different topologies of both surfaces by means of the present
statistical approaches, since the intermediate region, where
the collision complex is assumed to be formed, is excluded
in the corresponding calculations. Beside the comparison be-
tween reaction probabilities and cross sections shown here,
thermal rate constants for the title reaction and its reverse
have been calculated before on both PESs by means of the
wave packet version of the SQM.1,29 For the H+O2→O
+OH reaction, results on the DMBE IV PES and the XX-
ZLG surface were found to be visually indistinguishable in
the 10−22–10−11 cm3 molecule−1 s−1 range, whereas for the
O+OH collision, statistical estimates of the rate constant
were found to differ by about a factor of 3 at T50 K. The
predictions produced here with the SQM and MPPST ap-
proaches are far from being able to describe the exact ICSs,
revealing thus that the overall dynamics of the reaction can-
not be reproduced statistically. In this sense, all that statisti-
cal tools are capable to reproduce seems to be restricted to an
average description of the low energy range of some low J
reaction probabilities for the DMBE IV surface see Fig. 4 of
Ref. 11. The analysis of state-to-state probabilities for a zero
total angular momentum shows that the reason for this ap-
parent disagreement at a higher energy regime is the propen-
sity observed on the DMBE IV PES to produce vibrationless
OH fragments in highly excited rotational states j13
states.10,11,28 This preference also explains the sudden in-
crease of the total reactivity beyond Ec1.25 eV, which
seems to persist somehow in the reaction probabilities up to
J5. As the total angular momentum increases, J15, the
statistical methods predict, however, too large reaction prob-
abilities in comparison with the exact results, leading thus to
the above mentioned overestimation of the ICSs.
In this sense, the XXZLG PES seemed to introduce a
different dynamical scenario since the lack of the above
mentioned sharp increase of reactivity would also eliminate
the direct reaction channel.3 In fact, one might argue that the
state-to-state probabilities for the H+O2v=0, j=1
→OHv=0, j+O processes for J=0 obtained with this
surface were in good agreement with the corresponding sta-
tistical predictions see Fig. 2. At least, the abscence of the
enhancement of certain specific rotational states to form the
OHv=0 product fragments could be interpreted as result
of a possible statistical behavior. But any hope of such sta-
tistical dynamics on the XXZLG PES disappears as larger
values of the total angular momentum are considered. Our
present analysis by means of the SQM and MPPST ap-
proaches for energy values close to the reaction threshold
indicates nevertheless that some of the conclusions reported
on Ref. 6 might be clarified. The departure of a statistical
description for the H+O2 reaction dynamics on the XXZLG
surface certainly starts as soon as the energy increases, but
the correct description of the reaction thresholds by means of
the SQM and MPPST methods is accompanied by statistical
predictions for cross sections at those energies in a fairly
good agreement with the corresponding exact results.
The comparison between the experimental cross sections
and the statistical predictions deserves some further discus-
sion. In general, SQM and MPPST ICSs are found to be
larger than most of the measured values up to Ec=1.6 eV. At
that precise collision energy, the experimental cross section
is larger than what would be expected from the trend of the
measurements at lower energy, which brings theory a bit
closer to experiment. The interesting thing is that, although
the energy range covered in Fig. 6 does not extend beyond
Ec=1.7 eV, the reaction cross section measurements based
on OH product detection reported in Refs. 67 and 68 are
about 0.65 and 0.45 Å2 for Ec=1.78 eV and Ec=1.86 eV,
respectively. This suggests that the large value for the ICS
observed at Ec=1.6 eV does not constitute an isolated case.
If those specific measured values are not a result of any
experimental artifact, the accord with the statistical predic-
tion is certainly of interest. Besides this fairly good agree-
ment between the calculated ICS and the corresponding mea-
surement, the rotationally resolved distributions for the
OHv=1 forming channel exhibit a clear statistical profile.
The above discussed different performances of the statistical
calculation at the high energy regime for the two possible
OHv channels when the DMBE IV PES is employed
seems to be consistent with the distinct degree of agreement
when the SQM results are compared to the experimental ro-
tational ICSs for the two OHv=0,1+O possible reaction
products. Although we have not performed the correspond-
ing calculation with the XXZLG PES, the observed trend for
FIG. 10. Same as Fig. 8 at 0.7761 eV total energy for the reaction initiated
with O2v=3, j=1.
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the total ICSs in Fig. 6 leads one to think that results should
not differ too much with respect to the cross sections ob-
tained with the DMBE IV PES.
As the validity of a statistical description of the H+O2
reaction dynamics is clearly questioned by the manifested
discrepancies with the exact cross sections, one cannot rule
out the possibility of an accidental agreement with the mea-
sured distributions for Ec=1.6 eV. Incidentally, a similar
situation has been observed for some other atom-diatom pro-
cesses. In particular, different statistical approaches73–75 have
been found capable to reproduce experimental distributions
for the O3P+HClv=2, j=1,6 ,9→OHv=1, j+Cl
reaction.76,77 The rotational ICSs for the product channel
which leads to the formation of vibrationless OH fragments
are, on the contrary, clearly not described statistically. This
apparent success of the statistical tools in the comparison
with the experiment constrasts, however, with the clear dis-
agreement observed with the exact results.78 What makes the
O3P+HCl case even more intriguing is that the accepted
dominating dynamical mechanism for the reaction is an ab-
straction pathway.74,77 This mechanism, consistent on the
other hand with the absence of a deep well for the reaction,
would be at odds with the use of a statistical analysis. Re-
cently reported efforts75 to provide some explanation for
these results invoke the possible existence of a dynamical
well79,80 which would favor the reaction for specific transi-
tions between reactants and products. The possibility of a
complex-forming mechanism is certainly based in more solid
grounds for the title reaction, but as in the case of the
O3P+HCl process, predictions obtained by means of the
SQM compare quite differently to, on one hand, exact calcu-
lations and experiment and, on the other hand, to measure-
ments resolved in different final vibrational states.
The calculations included in the present study of the H
+O2 reaction performed by means of the SQM have also
shown the substantial differences introduced when the CS
approximation is invoked. As largely discussed in the
past5,29,45–47 a correct description of the Coriolis coupling
terms is required. In this sense, the comparison of the
SQM-CC reaction probabilities reported here to those ob-
tained within the SQM-CS approach enables us to analyze
the possible validity of such an approximation in the context
of the statistical method. At a first glance, according with the
results shown in Figs. 4 and 5 one could conclude that the
SQM-CS predictions for the probabilities do not constitute
an extremely poor alternative to the more computationally
expensive SQM-CC calculations up to J15–20. Beyond
those values of the total angular momentum, severe discrep-
ancies are found between the two approaches. In special, as
evidenced in the two opacity functions analyzed at Ec=0.9
and 0.8 eV on the DMBE IV and XXZLG PESs, respectively
see Fig. 5, the CS approximation seems to yield an impor-
tant overestimation of the reactivity for the larger values of J.
These increasing differences between the CS and CC ap-
proaches as J augmentates are consistent with findings of the
TDWP calculation by Meijer and Goldfield.46 Moreover, in
their calculation at J=10, probabilities for the reactions ini-
tiated from helicity-specified v=0, j=1, =0,1 states of
the O2 reactant calculated within the CS approximation ex-
hibited more marked differences with respect to the CC cal-
culation that probabilities for the more averaged H+O2v
=0, j=1→OH+O process. Analogously a strong depen-
dence on the total number of helicity channels  included in
the calculation was observed in the TDWP study by Lin et
al.5 for the reaction initiated from the O2v=0, j=1, l=11
and J=12. The large number of existing resonant peaks in
the H+O2 reaction seriously complicate the achievement of
a perfect agreement between the CS and CC TDWP calcula-
tions. It should not be then surprising to observe variations
with respect to the suggested possible maximum value of J
for the validity of the CS approximation within the SQM
scheme.
The situation for the title reaction slightly differs from
the case of X+H2 reactions, X being a C, N, O, or S atom.
The issue of the validity of the CS approximation has been
addressed in studies, for example, of N+H2,81–83 O+H2,84 or
C+H2.85,86 Although it has been reported that such an ap-
proximate approach can introduce large errors in these pro-
cesses due to the floppy intermediate XH2 complex formed
during the reaction,85,87,88 the comparison between CS results
and those obtained by means of the corresponding exact CC
calculations has revealed a notable good agreement in certain
cases.
81–84,86 Previous studies on the H3
+ system reveal, how-
ever, the importance of a proper description of the Coriolis
coupling. This has been analyzed with some detail for the
H++D2,
89 H++H2,
90
and D++H2 Ref. 91 reactions. In the
context of statistical techniques it has been recently found
that the inclusion of such terms is required at the state-to-
state level.53
The clear nonstatistical features exhibited by the overall
dynamics of the H+O2 reaction preclude us from drawing
firm conclusions about the existence of a dominating
complex-forming mechanism for the process. The partial
success of the SQM and MPPST approaches to reproduce the
reaction probabilities for low values of J, and the fairly good
agreement of the statistical predictions for DCSs at low en-
ergy could be signals of short living resonances.
V. CONCLUSIONS
The comparison between exact results and statistical pre-
dictions obtained by means of a SQM and a MPPST ap-
proach suggests that the H+O2 reaction is not governed by a
complex-forming mechanism. In particular, statistical ICSs
have been found to seriously overestimate EQM results, with
the only exception of the energy region close to the reaction
threshold. Experimental cross sections are not either well
reproduced statistically. At 1.6 eV collision energy, however,
both the total ICS and the distributions for H+O2v=0, j
=1→OHv=1, j+O are in a remarkably good agreement
with the statistical result.
As previously found in EQM calculations, the applica-
tion of the CS approximation to the SQM yields significant
deviations from the reactivity predicted by means of the cor-
responding CC calculation.
The only differences observed between the statistical re-
sults obtained on the DMBE IV and the XXZLG PESs seem
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to reduce to a moderate larger degree of success of the sta-
tistical methods to reproduce reaction probabilities for low
values of the total angular momentum for the DMBE IV
surface.
ACKNOWLEDGMENTS
This work has been funded by the MEC of Spain under
Project Nos. FIS2007-62006 and CTQ2005-09185-C02-02.
The TDWP1 calculations reported in this paper have been per-
formed on the CMS computational facility housed by the
Centre for Computational Molecular Science, Australian In-
stitute for Bioengineering and Nanotechnology, University of
Queensland, Australia. These computational facilities have
been purchased from funds provided by the University of
Queensland and the Queensland Smart State Research Facili-
ties Fund. The TDWP2 calculations have been performed at
the Theoretical Chemistry Group at the University of Shef-
field and on computers part of the White Rose Grid in Leeds
and Sheffield. The SQM calculations have required the use
of the computer resources of the Barcelona Supercomputing
Center. M.H. would like to thank Sun Microsystems and the
University of Queensland for funding. The authors are grate-
ful to Daiqian Xie, Hua Guo, Shi Ying Lin, and Pascal Hon-
vault for sending the XXZLG surface, their results, and for
helpful discussions. We would also like to thank Antonio
Varandas for sending us the DMBE IV surface.
1 C. Xu, D. Xie, D. H. Zhang, S. Y. Lin, and H. Guo, J. Chem. Phys. 122,
244305 2005.
2 C. Xu, D. Xie, P. Honvault, S. Y. Lin, and H. Guo, J. Chem. Phys. 127,
024304 2007.
3 S. Y. Lin, H. Guo, P. Honvault, and D. Xie, J. Phys. Chem. B 110, 23641
2006.
4 S. Y. Lin, D. Xie, and H. Guo, J. Chem. Phys. 125, 091103 2006.
5 S. Y. Lin, Z. Sun, H. Guo, D. H. Zhang, P. Honvault, D. Xie, and S.-Y.
Lee, J. Phys. Chem. A 112, 602 2008.
6 P. Honvault, S. Y. Lin, D. Xie, and H. Guo, J. Phys. Chem. A 111, 5349
2007.
7 M. Hankel, S. C. Smith, and A. J. H. M. Meijer, J. Chem. Phys. 127,
064316 2007.
8 S. Y. Lin, H. Guo, P. Honvault, C. Xu, and D. Xie, J. Chem. Phys. 128,
014303 2008.
9 M. R. Pastrana, L. A. M. Quintales, J. Brandao, and A. J. C. Varandas, J.
Phys. Chem. 94, 8073 1990.
10 T. González-Lezana, Int. Rev. Phys. Chem. 26, 29 2007.
11 P. Bargueño, T. González-Lezana, P. Larrégaray, L. Bonnet, and J. C.
Rayez, Phys. Chem. Chem. Phys. 9, 1127 2007.
12 C. J. Cobos, H. Hippler, and J. Troe, J. Phys. Chem. 89, 342 1985.
13 J. Troe, J. Phys. Chem. 90, 3485 1986.
14 L. B. Harding, A. I. Maergoiz, J. Troe, and V. G. Ushakov, J. Chem.
Phys. 113, 11019 2000.
15 C. J. Cobos, Chem. Phys. Lett. 52, 371 1988.
16 R. J. Duchovic and J. D. Pettigrew, J. Phys. Chem. 98, 10794 1994.
17 R. J. Duchovic, J. D. Pettigrew, B. Welling, and T. Shipchandler, J.
Chem. Phys. 105, 10367 1996.
18 K. Kleinermanns and R. Schinke, J. Chem. Phys. 80, 1440 1984.
19 A. J. C. Varandas, J. Chem. Phys. 99, 1076 1993.
20 M. J. Bronikowski, R. Zhang, D. J. Rakestraw, and R. N. Zare, Chem.
Phys. Lett. 156, 7 1989.
21 R. Fei, X. S. Zheng, and G. E. Hall, J. Phys. Chem. A 101, 2541 1997.
22 A. J. H. M. Meijer and E. M. Goldfield, J. Chem. Phys. 108, 5404
1998.
23 E. J. Rackham, F. Huarte-Larrañaga, and D. E. Manolopoulos, Chem.
Phys. Lett. 343, 356 2001.
24 E. J. Rackham, T. González-Lezana, and D. E. Manolopoulos, J. Chem.
Phys. 119, 12895 2003.
25 J. C. Light, J. Chem. Phys. 40, 3221 1964; P. Pechukas and J. C. Light,
ibid. 42, 3281 1965; J. C. Light, Discuss. Faraday Soc. 44, 14 1967;
E. E. Nikitin, Theory of Elementary Atomic and Molecular Processes in
Gases Clarendon, Oxford, 1974; J. C. Keck, J. Chem. Phys. 2, 410
1958.
26 T. González-Lezana, E. J. Rackham, and D. E. Manolopoulos, J. Chem.
Phys. 120, 2247 2004.
27 D. H. Zhang and J. Z. H. Zhang, J. Chem. Phys. 101, 1146 1994.
28 J. Dai and J. Z. H. Zhang, J. Phys. Chem. 100, 6898 1996.
29 S. Y. Lin, E. J. Rackham, and H. Guo, J. Phys. Chem. A 110, 1534
2006.
30 A. J. Dobbyn, M. Stumpf, H.-M. Keller, W. L. Hase, and R. Schinke, J.
Chem. Phys. 102, 5867 1995.
31 K. Song, G. H. Peslherbe, W. L. Hase, A. J. Dobbyn, M. Stumpf, and R.
Schinke, J. Chem. Phys. 103, 8891 1995.
32 A. J. Dobbyn, M. Stumpf, H.-M. Keller, and R. Schinke, J. Chem. Phys.
104, 8357 1996.
33 P. Larrégaray, L. Bonnet, and J.-C. Rayez, Phys. Chem. Chem. Phys. 4,
1577 2002.
34 L. Bonnet and J.-C. Rayez, J. Phys. Chem. A 101, 9318 1997.
35 P. Larrégaray, L. Bonnet, and J.-C. Rayez, J. Chem. Phys. 114, 3349
2001.
36 J. A. Miller and B. C. Garrett, Int. J. Chem. Kinet. 29, 275 1997.
37 C.-Y. Yang and S. J. Klippenstein, J. Chem. Phys. 103, 7287 1995.
38 J. A. Miller, J. Chem. Phys. 74, 5120 1981.
39 J. Troe and V. G. Ushakov, J. Chem. Phys. 115, 3621 2001.
40 C. F. Melius and R. J. Blint, Chem. Phys. Lett. 64, 183 1979.
41 L. B. Harding, J. Troe, and V. G. Ushakov, Phys. Chem. Chem. Phys. 2,
631 1999.
42 A. J. Dobbyn, M. Stumpf, H.-M. Keller, and R. Schinke, J. Chem. Phys.
103, 9947 1995.
43 V. A. Mandelshtam, T. P. Grozdanov, and H. S. Taylor, J. Chem. Phys.
103, 10074 1995.
44 H. Zhang and S. C. Smith, J. Chem. Phys. 118, 10042 2003.
45 D. E. Skinner, T. C. Germann, and W. H. Miller, J. Phys. Chem. A 102,
3828 1998.
46 A. J. H. M. Meijer and E. M. Goldfield, J. Chem. Phys. 110, 870 1999.
47 A. J. H. M. Meijer and E. M. Goldfield, Phys. Chem. Chem. Phys. 3,
2811 2001.
48 R. T Pack, E. A. Butcher, and G. A. Parker, J. Chem. Phys. 99, 9310
1993.
49 R. T Pack, E. A. Butcher, and G. A. Parker, J. Chem. Phys. 102, 5998
1995.
50 R. T Pack, J. Chem. Phys. 60, 633 1974.
51 P. McGuire and D. J. Kouri, J. Chem. Phys. 60, 2488 1974.
52 K. McLenithan and D. Secrest, J. Chem. Phys. 80, 2480 1984.
53 F. J. Aoiz, T. González-Lezana, and V. Sáez-Rábanos, J. Chem. Phys.
127, 174109 2007.
54 P. Larrégaray, L. Bonnet, and J.-C. Rayez, J. Chem. Phys. 127, 084308
2007.
55 E. M. Goldfield and A. J. H. M. Meijer, J. Chem. Phys. 113, 11055
2000.
56 M. A. Bajeh, E. M. Goldfield, A. Hant, C. Kappel, A. J. H. M. Meijer,
H.-R. Volpp, and J. Wolfrum, J. Phys. Chem. A 105, 3359 2001.
57 S. K. Gray and G. G. Balint-Kurti, J. Chem. Phys. 108, 950 1998.
58 M. Hankel, G. G. Balint-Kurti, and S. K. Gray, J. Chem. Phys. 113, 9658
2000.
59 M. Hankel, G. G. Balint-Kurti, and S. K. Gray, J. Phys. Chem. A 105,
2330 2001.
60 G. G. Balint-Kurti, R. N. Dixon, and C. C. Marston, J. Chem. Soc.,
Faraday Trans. 86, 1741 1990.
61 G. C. Groenenboom and D. T. Colbert, J. Chem. Phys. 99, 9681 1993.
62 A. J. H. M. Meijer, E. M. Goldfield, S. K. Gray, and G. G. Balint-Kurti,
Chem. Phys. Lett. 293, 270 1998.
63 L. Bonnet, P. Larrégaray, and J.-C. Rayez, Phys. Chem. Chem. Phys. 9,
3228 2007.
64 P. Larrégaray, L. Bonnet, and J.-C. Rayez, J. Phys. Chem. A 110, 1552
2006.
65 F. Dayou, P. Larrégaray, L. Bonnet, J.-C. Rayez, P. N. Arenas, and T.
González-Lezana, J. Chem. Phys. 128, 174307 2008.
66 H.-G. Rubahn, W. J. van der Zande, R. Zhang, M. J. Bronikowski, and R.
N. Zare, Chem. Phys. Lett. 186, 154 1991.
67 K. Kessler and K. Kleinermanns, J. Chem. Phys. 97, 374 1992.
68 S. Seeger, V. Sick, H.-R. Volpp, and J. Wolfrum, Isr. J. Chem. 34, 5
1994.
244308-13 H+O2 reaction: QM and statistical approaches J. Chem. Phys. 128, 244308 2008
 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  130.102.82.69 On: Fri, 07 Oct 2016
04:39:01
69 G. Nyman, Chem. Phys. 173, 159 1993.
70 L. A. M. Quintales, A. J. C. Varandas, and J. M. Alvariño, J. Phys. Chem.
92, 4552 1988.
71 Table II of Ref. 19 with the values for the parameters used in the least
squares fit to the analytical expression rEc=CEc
−Ethrn exp−mEc−Ethr from Eq. 5 of the same work is likely to
contain some typo in the case of the QCT-QMT, QCT-IEQMT, and QCT-
VEQMT variants. Functions shown in Fig. 8 for these cases have been
obtained by means of a similar fitting procedure of the corresponding
QCT values for the ICS for Ec1.5 eV to the same expression with the
following values for the parameters: C=0.0215, m=0.001 75, n
=0.509 64, and Ethr=63.8 for the QCT-QMT case, C=0.0218, m
=0.014 41, n=1.285 96, and Ethr=67.5 for the QCT-IEQMT case, and
C=0.000 14, m=0.013 54, n=1.844 91, and Ethr=72.0 for the QCT-
VEQMT variant, where units for C are Å2 / kJ mol−1n, kJ mol−1−1 for
m, kJ mol−1 for Ethr, and n is a dimensionless parameter.
72 P. Honvault, S. Y. Lin, D. Xie, and H. Guo personal communication; We
note that, despite the indication on the ordinate label, DCSs shown in Fig.
1 of Ref. 6 have to be divided by 2 in order to be properly measured in
Å2 /sr. This is the reason of the differences between the actual values of
the EQM DCSs shown here and those from Ref. 6.
73 P.-A. Elofson and L. Holmlid, Chem. Phys. Lett. 166, 112 1990.
74 B. Ramachandran, J. Chem. Phys. 112, 3680 2000.
75 P. Bargueño, J. M. Alvariño, and T. González-Lezana, Eur. Phys. J. D 47,
181 2008.
76 D. J. Rakestraw, K. G. McKendrick, and R. N. Zare, J. Chem. Phys. 87,
7341 1987.
77 R. Zhang, W. J. van der Zande, M. J. Bronikowski, and R. N. Zare, J.
Chem. Phys. 94, 2704 1991.
78 T. Xie, J. Bowman, J. W. Duff, M. Braunstein, and B. Ramanchandran, J.
Chem. Phys. 122, 014301 2005.
79 K. Nobusada, H. Nakamura, Y. Lin, and B. Ramachandran, J. Chem.
Phys. 113, 1018 2000.
80 K. Nobusada, O. I. Tolstikhin, and H. Nakamura, J. Chem. Phys. 108,
8922 1998.
81 T.-S. Chu, K.-L. Han, and A. J. C. Varandas, J. Phys. Chem. A 110, 1666
2006.
82 A. J. C. Varandas, T.-S. Chu, K.-L. Han, and P. J. S. B. Caridade, Chem.
Phys. Lett. 421, 415 2006.
83 P. Defazio and C. Petrongolo, J. Chem. Phys. 127, 204311 2007.
84 T. E. Carroll and E. M. Goldfield, J. Phys. Chem. A 105, 2251 2001.
85 S. Y. Lin and H. Guo, J. Phys. Chem. A 108, 2141 2004.
86 S. Y. Lin and H. Guo, J. Phys. Chem. A 108, 10066 2004.
87 S. Y. Lin, L. Bañares, and H. Guo, J. Phys. Chem. A 111, 2376 2007.
88 P. Honvault and J.-M. Launay, J. Chem. Phys. 111, 6665 1999.
89 T. González-Lezana, A. Aguado, M. Paniagua, and O. Roncero, J. Chem.
Phys. 123, 194309 2005.
90 T. González-Lezana, O. Roncero, P. Honvault, J.-M. Launay, N. Bulut, F.
J. Aoiz, and L. Bañares, J. Chem. Phys. 125, 94314 2006.
91 T. S. Chu and K.-L. Han, J. Phys. Chem. A 109, 2050 2005.
244308-14 Bargueño et al. J. Chem. Phys. 128, 244308 2008
 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  130.102.82.69 On: Fri, 07 Oct 2016
04:39:01
